Accurate calculations of allowed and nonallowed transitions in porphyrin are reported. Using the quantum Monte Carlo method in the diffusion Monte Carlo variant, the vertical transition between the ground state singlet and the second excited state singlet as well as the adiabatic transition between the ground state and the lowest triplet state have been computed for this 162-electron system. The present theoretical results are compared to experiment and to results of other theoretical methods. The diffusion Monte Carlo energy differences are found to be in excellent agreement with experiment. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1646356͔
The porphyrin molecule and its derivatives play an essential role in numerous biological processes including photosynthesis and oxygen transport, and in emerging medical technologies-for example, antiviral therapeutics. A detailed understanding of the excited states of these systems is essential to elucidating key mechanisms such as oxygen binding and transport, and electron transfer as they occur in biological systems. Despite numerous experimental and ab initio theoretical studies, the basic photophysics of porphyrins is not completely understood. For example, recent theoretical studies have proposed reinterpretations of the different features of the spectrum of free base porphyrin ͑FBP, C 20 N 4 H 14 ).
The electronic spectrum of FBP is characterized by three regions: the so-called Q band in the visible region which is relatively weak; the intense B band which occurs in the near UV; and the higher UV bands, N, L and M, which are broader and diffuse. Owing to the inherent sensitivity of the excitation spectra of these systems to structural and chemical changes, it is necessary to employ highly accurate methods in order to make reliable theoretical predictions and to be able to compare directly with experiment. Recently, the quantum Monte Carlo ͑QMC͒ approach, 1 which solves the full 3N-dimensional Schroedinger equation directly, has been applied to several large chemical systems. In the present study, the transition energy between the ground state and lowest excited state of the Q band of FBP was calculated using the DMC method for all electrons of the molecule; effective core potentials were not introduced. A simple method for constructing excited-state trial wave functions has been followed, and its accuracy is compared to alternative approaches and to experiment.
For the DMC approach used in this study, 3 a variational trial wave function was constructed as a product of a Slater determinant of Hartree-Fock orbitals and a correlation function dependent on interparticle distances for both singlet and triplet states. For the triplet excited state, the trial wave function was a restricted-open shell Hartree-Fock ͑ROHF͒ determinant. For the singlet excited state, we modified the ROHF triplet wave function by altering the spin occupation of the highest occupied molecular orbital ͑HOMO͒, which converted the ROHF triplet state, 1 3 B 2u , into a singlet with the same spatial symmetry, namely, 1 1 B 2u . We then constructed the proper spin-adapted two-determinant configuration.
The initial geometry was obtained from Sekino and Kobayashi, 4 and was further refined using the B3LYP/DFT 5 method and a 6-311G** basis set 6 using the NWCHEM 7 software package. At the optimized geometry, a trial wave function was constructed by calculating the HF determinant using the cc-pVDZ basis set. 8 A total of 938 contracted Gaussiantype orbitals ͑GTOs͒ were used to construct this wave function.
The ground state singlet to second-excited singlet state excitation energies from several theoretical methods as well as experiment are listed in Table I . The DMC value agrees with experiment to within statistical error bars ͑i.e., 0.1 eV͒. The MRSDCI results are also in good accord with experiment. Merchán et al. have suggested, however, that the latter results arise from a fortuitous cancellation of errors due to the choice of active space. 9 Similarly, Nooijen and Bartlett suggest that there is no reason to expect the MRSDCI results to be converged. Results for the lowest triplet excitation energy are also listed in Table I . Nooijen and Bartlett suggest that the lowlying triplet states of FBP pose a serious challenge for correlated treatments.
10 For this energy difference, the DMC results are found again to agree with the experimental excitation energy to within the error bars.
To obtain a clear picture of the present findings, laserinduced fluorescence excitation spectroscopy data 11 and Q y absorption band data from vapor absorption spectra experiments 12 are listed for comparison with theoretical results. The experimental phosphorescence peak associated with the adiabatic singlet-triplet energy difference is taken from the spectrum of Gouterman and Khalil obtained in a frozen solvent at 77 K. 13 In order to make accurate comparisons with experiment, the all-electron ͑AE͒ DMC computations were carried out for sufficiently long simulation to yield statistical error bars of 1 kcal/mol. A small time step of 0.001 a. u. was used to avoid zero time step extrapolation and to achieve a high acceptance ratio for the three states of interest.
The present and other theoretically determined ground state total energies are summarized in 
